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A simulation study on enhancing 
sterilization efficiency in medical 
plastics through gamma radiation 
optimization
Xin Yuan 1, Fang Liu 1*, Hongchi Zhou 1, Bin Liu 1, Guanda Li 1, Peiguang Yan 2, Guoping Li 3, 
Xiaoru Luo 3, Xuefeng Lyu 1, Jinxing Cheng 4 & Fenglei Niu 1

Gamma radiation is progressively emerging as an effective method to enhance the sterilization 
efficiency of medical plastics including Polyvinyl chloride (PVC). The parameters of the radiation 
facility will affect the efficiency of radiation sterilization. To investigate these effects, we simulate 
the gamma radiation sterilization performance of PVC material sample using Monte Carlo Method. 
The simulation results indicated that compared with the sterilization time of 20–90 min from high-
temperature steam sterilization of medical waste, by optimizing the parameters of the model 
radiation facility, the radiation sterilization time can be reduced to 6.61 min. The optimized model 
facility parameters are as follows: the gamma photon energy is 1.25 MeV, the model space is 
300 × 300 × 300  cm3, the reflective layer material is concrete and its thickness is 8 cm, the PVC sample 
layer area is 100 × 100  cm2, the distance between the radiation source and the PVC sample layer is 
150 cm, the energy deposition in the bottom layer of the PVC sample layer is 1.31315 ×  10–6 MeV/g. 
This study offers a potentially feasible way for PVC sterilization, while also providing a crucial 
reference for the further promotion and application of radiation sterilization technology.

According to reports from the Environmental Protection Agency (EPA), only 7% of plastic waste generated 
annually is recycled, approximately 8% is incinerated, and the remainder is  landfilled1. The widespread demand 
for medical plastic products coupled with the issue of low recycling rates have led to significant environmental 
 pollution1. To solve this problem, the sterilization efficiency of medical plastic products needs to be further 
improved. PVC, as a primary material in medical plastic products, is extensively used in the field of medical 
 devices2–4. However, a substantial amount of used medical PVC products are either incinerated or disposed of 
in sanitary landfills, exacerbating environmental  pollution5. Especially during the spread of an epidemic, there 
is a significant surge in demand for PVC  products6,7, resulting in a corresponding rapid increase in the quality 
of medical waste. Reports indicate that on February 24, 2020, Wuhan City generated 200 tons of clinical  waste5. 
The King Abdullah University Hospital in Jordan found that coronavirus patients generate 14.16 kg of medical 
waste per  day8. Failure to effectively manage such medical waste could pose serious environmental hazards. 
Confronted with the stark problem of rapidly increasing medical waste and an acute shortage of medical plastic 
products, the sterilization and recycling of medical plastic products still face formidable  challenges9,10.

Currently, traditional sterilization methods such as chemical disinfection, high-temperature steam steriliza-
tion, and electromagnetic wave sterilization method have limitations in the field of  sterilization11–13. Chemical 
disinfection methods result in a significant accumulation of chemical residues, while high-temperature steam 
sterilization may lead to high energy consumption, long sterilization times, the generation of toxic gases, and 
material deformation issues. Electromagnetic wave sterilization incurs high operational costs and leads to the 
production of toxic  gases13. Furthermore, incineration and sanitary landfilling struggle to effectively address 
the treatment of medical plastic  products14. Incineration not only pollutes the environment but also releases 
toxic halogenated compounds during thermal degradation, causing harm to the lungs and hearts of  humans15. 
Due to the stable molecular structure of PVC products, they are resistant to corrosion or decomposition during 
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natural degradation  processes5. Sanitary landfilling consumes extensive land resources. Furthermore, prolonged 
natural degradation can also produce toxic gases, endangering plants, animals, aquatic organisms, and  humans14.

To respond these challenges, the World Health Organization (WHO) has issued a call to explore a new envi-
ronmentally friendly and efficient sterilization  technology16. The United States Food and Drug Administration 
(FDA) has proposed the use of gamma radiation for sterilizing disposable medical devices, initiating a pilot 
program for radiation  sterilization17. Furthermore, they have updated the Recognized Consensus Standards 
database to endorse the application of radiation sterilization technology in medical  devices18.

Radiation sterilization technology, as an advanced, no harmful gas generation, and efficient sterilization 
method, is gaining increasing popularity among the public. This technology utilizes electron beams, neutron 
beams, or gamma rays to comprehensively eliminate bacteria, viruses, and other microorganisms on the surface 
and interior of medical plastic products, ensuring the safety of recycling. Compared to traditional methods, 
radiation sterilization technology is pollution-free, rapid, efficient, and leaves no  residue19. It provides a novel 
solution for the sterilization and recycling of medical plastic products. Currently, there have been relevant studies 
on the radiation sterilization of medical devices. For example, Josef Mittendorfer used 10 MeV electron beam 
radiation for sterilizing medical  devices20, as well as the gamma rays and electron beam radiation sterilization 
of plastic packaging  products21. Previous research has indicated that the tensile yield strength of PVC material 
changes less under low doses of gamma  radiation22.

This study aims to investigate the impact of irradiation facility parameters on the efficiency of irradiation 
sterilization of PVC materials. By delving into the principles and characteristics of radiation and analyzing the 
influence factors, optimal gamma radiation facility parameters are identified. Subsequently, simulation calcula-
tions are conducted to determine the photon energy deposition in the PVC sample layer. Based on the radiation 
sterilization dosage, the radiation sterilization time can be calculated. This study offers a potentially feasible 
way for PVC sterilization, while also providing a crucial reference for the further promotion and application of 
radiation sterilization technology.

Materials and methods
Model materials
The irradiated sample material is PVC. Common gamma radiation sources are Cr-51 source, Cs-137 source, 
Co-60 source, and K-40 source. The common reflective layer materials are aluminum, iron, lead, tungsten-nickel 
alloy, concrete, and water. The PVC sample holding platform is constructed using stainless steel material, while 
the walls of the irradiation workshop are built with concrete material. The material of the collimator is lead.

Simulation parameters setup
The concrete factory building wall is set as cubes with a thickness of 12 cm to effectively prevent penetration of 
gamma  rays23. The outer side length is 362 cm. Photon energies are set at 0.32 MeV (emission from Cr-51 decay), 
0.662 MeV (emission from Cs-137 decay), 1.25 MeV (average energy from Co-60  decay24), and 1.461 MeV 
(emission from K-40 decay). The thickness of the reflective layer is set at 0, 1, 5, 8, 9, 10, 11, 12, 13, 14, 15, 16, 
17, 18, 19, 20, 21, 22, 23, 24, and 25 cm. The model space is a cube with side lengths of 280, 285, 290, 295, 300, 
305, 310, 315, 320, 325, and 330 cm.

The PVC material sample is set as a rectangular prism with a height of 15 cm, divided into three layers of 5 cm 
each: the top layer, middle layer, and bottom layer. To investigate the influence of the PVC sample area on energy 
deposition, we set the base area of the rectangular prism as 100 × 100  cm2 and 120 × 120  cm2. To study the effect 
of the distance between the radiation source and the PVC sample layer on the energy deposition of individual 
photons, the distance between the radiation source and the PVC sample layer is set at 150 cm and 159 cm. The 
densities of the model materials are shown in Table 1.

Principle of radiation sterilization
The source photons emitted from the decay of the radiation source interact with the sample, leading to pho-
tons’ energy transfer to electrons and generation scattered photons. Electrons further interact with the sample, 
depositing all their energy within the sample layer. Meanwhile, scattered photons undergo diversion during their 
transport through the model. Some scattered photons penetrate the model, while others deposit in the reflective 
layer. The remaining scattered photons reenter the sample layer, undergo collisions and ultimately deposit their 
energy within the irradiated sample through electron interactions.

Table 1.  Density of model materials.

Model material Density (g/cm3)

Concrete 2.4

Tungsten-nickel alloy 18.4

Lead 11.34

Aluminum 2.7

Iron 7.8

Water 1

PVC 1.2
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In summary, during the process of irradiation sterilization, photons interact with the PVC sample layer, trans-
ferring energy to electrons. These electrons deposit energy within the PVC sample layer, leading to the bacterial 
cells, nucleic acids, proteins, and enzymes undergo excitation or ionization upon absorbing energy deposited 
by photons. Molecules in an excited state may experience bond cleavage, or react with other molecules and lead 
to the generation of free radicals. Or undergo ionization decomposition, and other molecular reactions, thereby 
resulting in the disruption of bacterial molecular structures. Furthermore, other essential molecules within 
bacterial cells may also absorb the deposited energy to undergo excitation or ionization. For instance, water 
may produce excited water molecules, electrons, and water ions, or undergo cleavage into hydrogen radicals and 
hydroxyl radicals, which initiate a series of oxidation–reduction reactions involving nucleic acids, proteins, and 
enzymes, ultimately leading to bacterial  death25,26.

MCNP simulation computational principles
The MCNP program is a Monte Carlo simulation calculation program for solving particle transport problems 
in complex geometric structures. Its simulation accuracy has been validated through numerous experiments. 
The program simulates the trajectories of emitted particles, records the partial energy depletion and generation 
of new particles upon their interaction within the sample, and continues tracking the new particles within the 
model until their complete disappearance.

Based on the irradiation facility parameters, we utilize MCNP Visual Editor to obtain a schematic diagram of 
the model. The main view and top view of the radiation sterilization model are shown in Fig. 1a,b respectively.

In Fig. 1, Area 1 represents the radiation source, Area 2 represents the PVC sample layer, Area 3 represents the 
stainless steel containment platform, Areas 4 and 8 represent the air layers, Area 5 represents the reflective layer, 
Area 6 represents the outside of the facility (designated as a vacuum layer), and Area 7 represents the concrete 
walls. Area 9 represents the collimator.

As source photons move within the irradiation sterilization model, they experience energy loss while travers-
ing through the air. A portion of these photons enters the PVC sample and interact with it, depositing part of 
their energy while simultaneously generating scattered photons. Simultaneously, another fraction interacts with 
the stainless steel holding platform, depositing part of their energy while simultaneously generating scattered 
photons. During the movement of scattered photons within the model, branching occurs as well. Some of the 
scattered photons penetrate through the model after depositing a portion of their energy, while another portion 
continues transport, depositing energy and generating scattered photons until no new scattered photons are 
emitted. This entire process constitutes a complete trajectory of the source photon’s movement. The simplified 
flowchart of the source photon’s movement trajectory is illustrated in Fig. 2.

The MCNP program calculates the energy deposition using the F6 output card, where the energy deposition 
is calculated as  follows27–29:

where ρα is atom density (atoms/barn-cm); m is cell mass (g); H(E) is heating number (MeV/collision), σt is 
microscopic total cross section (barns); �

(

−→r ,�, E, t) is angular flux familiar from nuclear reactor theory. 
�
(

−→r ,�, E, t) = νn
(

−→r ,�,E, t) , where n is the particle density (particles/cm3/MeV/steradian) and ν is velocity 
in cm/sh. Thus, the units of � are particles/cm2/sh/MeV/steradian (sh; 1 shake =  10–8 s).

In this process, the F6 tally card is used to track emitted photons. It records the energy of photons upon 
entering the sample, as well as the energy of scattered photons resulting from interactions within the sample. 
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Figure 1.  Radiation sterilization model. (a) Front view; (b) Plan view.
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The energy difference between these two types of photons represents the initial energy deposition due to particle 
interactions (Formula 1).

The core data for MCNP in the article is derived from the ENDF/B-VI.8 evaluated data set. Specifically, 
the cross-section data for interactions between photons and materials are sourced from MCPLIB04 (id 
plib = ’04p’)30, while the cross-section data for interactions between electrons and materials are sourced from 
el03 (id elib = ’03e’)31.

Results and discussion
Gamma rays entering the PVC sample layer undergo a series of interactions, primarily including the photoelectric 
effect, Compton scattering, and electron pair production. The predominant mode of interaction is influenced 
by factors such as the energy of the gamma photons, the material and thickness of the reflective layer, and the 
volume of model space. As the energy of the incident gamma photons increases, the energy deposited during 
interactions within the PVC sample layer also increases, causing the gamma rays to penetrate deeper into the 
sample layer and generating higher-energy scattered photons upon interaction. Scattered photons with greater 
energy, while continuing their transport within the model, contribute to larger energy depositions within the 
PVC sample layer and are positioned at greater depths. Furthermore, the distance between the radiation source 
and the PVC sample layer, along with the area of the irradiated PVC sample, also play a role in influencing the 
energy deposition of individual photons within the PVC sample layer. To investigate the impact of these factors 
on the single-photon energy deposition within the PVC sample layer, we conducted the following  simulation32. 
We utilized statistical methods and employed Monte Carlo simulations to investigate the influence of the afore-
mentioned irradiation facility parameters on the energy deposition in the PVC sample layer. We simulated a 
substantial amount of data and conducted a comprehensive analysis. The errors associated with each set of 
simulation results remained below 0.0005.

The influence of gamma photon energy on individual photon energy deposition in PVC sample 
layer
Figure 3 illustrates the impact of reflective layer thickness on the individual photon energy deposition in the 
PVC sample layer for various photon energies.

The above results indicate that for the six reflective layer materials, the photon energy of 1.461 MeV (emitted 
from K-40 decay) demonstrates higher energy deposition in the sample layer. This confirms that higher photon 
energies lead to greater individual photon energy deposition in the sample layer. This is consistent with the results 
obtained by Arvind D and Hiroyuki  Kadotani33,34.

It is crucial to highlight that K-40 decay has an extremely long half-life, low activity, very low natural abun-
dance, and mainly releases β particles, making it unsuitable as a radiation source for our  purposes35. Co-60 decay 
primarily emits gamma rays with energies of 1.17 MeV and 1.33 MeV. The average energy of these gamma rays 
is 1.25 MeV, and considering Co-60 has a longer half-life and better safety control, Co-60 is a suitable choice 
as the radiation source for the radiation device. Therefore, the Co-60 source is the best choice among the four 
mentioned radiation sources. The energy of the source photons is 1.25 MeV.

The influence of model space volume on individual photon energy deposition in PVC sample 
layer
Figure 4 depicts the impact of model space volume on the individual photon energy deposition in the PVC sample 
layer. The results indicate that, across scenarios with six different reflective layer materials, with the model length 
increases, the individual photon energy deposition in the PVC sample layer gradually decreases. When the model 
side length approaches 330 cm, the variation in energy deposition becomes more gradual.

The reason for the above phenomenon is that as the model space increases, the energy loss of gamma photons 
in the air and the energy deposition in the reflective layer will increase during their transport within the model. 

Figure 2.  The movement trajectory of the source photon.
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Correspondingly, the energy deposition in the PVC sample layer will decrease. However, the proportion of energy 
deposition of scattered photons in the reflective layer is relatively small. With the increase of model space, the 
impact on energy deposition in the PVC sample layer is further reduced, leading to a leveling off of the variation 
in energy deposition in the PVC sample layer.

Figure 3.  The individual photons energy deposition of different photon energies. Reflective layer materials are 
(a) aluminum, (b) iron, (c) lead, (d) tungsten-nickel alloy, (e) concrete, and (f) water.
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The influence of reflective layer materials and thickness on the energy deposition of individual 
photons in the PVC sample layer
Figure 5a simulates the impact of reflective layer materials and thickness on the energy deposition of individual 
photons in the PVC sample layer. Figure 5a shows that when the reflective layer thickness is 0 cm (absence of 
reflective layer material), the energy deposition of individual photons in the PVC sample layer remains the same 
for all six different reflective layer materials. When iron, lead, and tungsten-nickel alloy are used as reflective 
layer materials, an increase in the reflective layer thickness leads to a decrease in the average energy deposition 
of individual photons in the PVC sample layer. This decrease becomes stable after the reflective layer thickness 
reaches 1 cm. However, when the reflective layer materials are changed to aluminum, concrete, or water, the 
average energy deposition of photons in the PVC sample layer exhibits a logarithmic increase with the increasing 
thickness of the reflective layer. This increase stabilizes once the reflective layer thickness reaches a certain point.

The primary reasons for the occurrence of the aforementioned phenomena are: the primary mode of interac-
tion between radiation and matter is influenced by the energy of the radiation, the density of the material, and 
the atomic  number36. With source photons having an average energy of 1.25 MeV and PVC density at 1.2 g/cm3, 
the primary interaction mode of interaction between the source photons and PVC sample is Compton scattering, 
resulting in the generation of numerous scattered photons. When the reflective layer material is absent (0 cm 
thickness), the 12 cm thick concrete wall will serve as the reflective layer. In this scenario, the primary mode of 
interaction between the scattered photons and the reflective layer material is Compton scattering, giving rise to 
new scattered photons that continue to propagate within the model until energy is deposited in the PVC sample 
layer. As the thickness of the reflective layer increases, different materials such as aluminum, iron, lead, tungsten-
nickel alloy, concrete, and water are employed as reflective layer materials.

When the reflective layer materials are iron, lead, or tungsten-nickel alloy, because of the greater densities 
and atomic numbers of constituent elements compared to the concrete wall, the probability of the photoelectric 
effect is higher, followed by Compton scattering, and the electron pair production has the lowest probability. In 
the photoelectric effect process, scattered photons transfer all their energy to electrons, and no new scattered 

Figure 4.  The individual photon energy deposition in different model space.

Figure 5.  (a) The individual photon energy deposition of different reflective layer thickness. (b) The 
penetration rates of various reflective layer materials.
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photons are generated. Compton scattering produces a smaller number of scattered photons, and electron pair 
production does not lead to scattered photons. Hence, the quantity of scattered photons is reduced, leading to 
a decrease in the deposited energy within the PVC sample layer. When the reflective layer reaches its saturation 
thickness, the energy deposition in the PVC sample layer will not change.

In contrast, when aluminum, or water are used as reflective layer materials, because of the smaller densities 
and atomic numbers of constituent elements compared to the concrete wall, the probability of the Compton 
scattering is higher. When scattered photons interact with the reflective layer, they undergo splitting, where 
some photons penetrate the reflective layer and exit the model, while others generate new scattered photons that 
continue to propagate within the model. Upon re-entering the sample layer, those new scattered photons interact 
again, resulting in energy deposition in the PVC sample layer. With an increase in reflective layer thickness, 
the number of photons penetrating the model gradually decreases, while the number of photons propagating 
within the model increases. Consequently, the energy deposition in the PVC sample layer increases. However, 
once the reflective layer reaches a saturation thickness, the number of split photons ceases to change, leading to 
a stabilization of energy deposition.

We employ the term "penetration rate" to represent the probability of photons escaping the model by pass-
ing through the reflective layer, expressed as the ratio of the number of photons escaping through the reflective 
layer to the total number of emitted photons. Figure 5b indicates that when the thickness of the reflective layer is 
0 cm, the penetration rate is 0.25. The lower penetration rate is attributed to the fact that the majority of emitted 
source photons deposit their energy in the PVC sample and the stainless steel holding platform. Consequently, the 
resulting scattered photons pass through the model and exit. As the thickness of the reflective layer increases, the 
shielding effect of the reflective layer leads to a gradual reduction in the penetration rate until it reaches 0. Dur-
ing this process, the number of scattered photons moving within the model increases, resulting in a logarithmic 
increase in the energy deposition of photons in the sample layer. This trend stabilizes after the reflective layer 
reaches a certain thickness (saturation thickness). Subsequently, the energy deposition of individual photons in 
the sample layer no longer changes significantly with further increases in the reflective layer thickness.

The above results demonstrate that the choice of reflective layer material significantly influences the energy 
deposition efficiency of individual photons in the PVC sample  layer32,33,37.Consequently, when water is used as 
the reflective layer material, it exhibits higher photon utilization efficiency and energy deposition. Aluminum and 
concrete follow closely in terms of energy deposition efficiency. However, water cannot encapsulate into a reflec-
tive layer with a thickness of 25 cm. In practical engineering applications, considering the strong penetrability of 
photons, a balance between safety and photon energy deposition efficiency, concrete, and aluminum are more 
suitable choices as reflective layer materials. Therefore, in the subsequent analysis, we will focus on simulations 
using aluminum and concrete materials.

The influence of PVC sample area on the energy deposition of individual photons
Figure 6 simulates the effect of the PVC sample layer area on the energy deposition of individual photons in the 
PVC sample layer when the reflective layer materials are aluminum and concrete.

The results indicate that the energy deposition of individual photons in the PVC sample layer is greater for 
an area of 100 × 100  cm2 compared to 120 × 120  cm2. This is because a larger PVC sample layer area increases the 
probability of photon collisions upon entering the PVC sample layer, leading to a higher likelihood of energy 
deposition within the sample layer. As a result, when the PVC sample layer area is increased, the energy deposi-
tion in the PVC sample layer also increases.

However, in the simulation calculations using the MCNP program for the energy deposition of individual 
photons in the PVC sample layer, the process involves first calculating the energy deposited within the PVC 
sample layer, followed by calculating the mass of the PVC sample layer. The ratio of energy deposition to mass 
in the PVC sample layer represents the average energy deposition of a single photon within the PVC sample 
layer. When the PVC sample layer thickness remains constant, a larger area implies a larger mass, which leads 

Figure 6.  The energy deposition for different PVC sample areas. (a) Reflective layer material is aluminum, (b) 
Reflective layer material is concrete.
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to a smaller energy deposition per unit mass. This means that the energy deposition of individual photons in 
the PVC sample layer is inversely correlated with the sample layer  area19.

Hence, it can be concluded that increasing the PVC sample layer area does not necessarily increase the energy 
deposition of individual photons within the PVC sample layer.

The influence of the distance between the radiation source and the PVC sample layer on the 
energy deposition of individual photons
When the radioactive source decays and emits gamma rays, these gamma rays also undergo interactions with the 
air during their transport within the model, leading to energy loss. As the distance between the radiation source 
and the PVC sample layer increases, the probability of collisions of gamma rays with air during their movement 
in the air also increases, resulting in greater energy loss. Therefore, the distance between the radiation source and 
the PVC sample layer also affects the energy deposition of individual photons. Figure 7 simulates the effect of the 
distance between the radiation source and the PVC sample layer on the energy deposition of individual photons.

The simulation results indicate that when the distance between the radiation source and the PVC sample 
layer is 159 cm, the energy deposition of individual photons is smaller compared to the distance of 150 cm. From 
this, it can be inferred that the energy deposition of individual photons in the PVC sample layer is negatively 
correlated with the distance from the radiation source to the PVC sample layer. As the distance increases, the 
energy deposition in the PVC sample layer will decrease. This is consistent with the findings by Fang  Liu19.

The influence of PVC sample thickness on the energy deposition of individual photons
The energy deposition of individual photons in different layers of the PVC sample can also vary. To investigate 
the influence of PVC sample thickness on the energy deposition of individual photons, we divided a 15 cm thick 
PVC sample layer into three equal layers: the top layer with a thickness of 5 cm, the middle layer with a thickness 
of 5 cm, and the bottom layer with a thickness of 5 cm. The simulation results are shown in Fig. 8.

Figure 8 shows that among the three aforementioned regions, the top layer has the highest photon energy 
deposition, followed by the middle layer, and the bottom layer exhibits the lowest energy deposition. This is 

Figure 7.  The energy deposition in the PVC sample layer with the different distance between the radiation 
source and the PVC sample layer, respectively. (a) The reflective layer material is aluminum, (b) The reflective 
layer material is concrete.

Figure 8.  The energy deposition in the top, middle, and bottom layer of the PVC sample. (a) Reflective layer 
material is aluminum, (b) Reflective layer material is concrete.
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attributed to the higher energy of gamma photons emitted from the Co-60 source decay. When these photons 
collide with the PVC sample, they transfer energy to electrons. Electrons have weaker penetration, leading to 
greater energy deposition in the top layer. Scattered photons, which lose some energy, continue to penetrate 
deeper into the sample and deposit energy in the middle and bottom layers.

As the interaction progresses, the energy of scattered photons diminishes, leading to fewer scattered photons 
entering the middle and bottom layers, resulting in less energy deposition in the bottom layer. To ensure effective 
inactivation of bacteria and viruses in the 15 cm-thick PVC sample layer, it is crucial to ensure sufficient inacti-
vation of microorganisms in the bottom layer. Therefore, the optimal measurement for gamma photon energy 
deposition in the PVC sample layer is based on the energy deposition in the bottom layer.

Estimating radiation sterilization time.
The survival rate of bacteria is influenced by the sterilization dose. The bacterial survival curve indicates that as 
the radiation dose increases, the survival rate of bacteria gradually  decreases38. The International Atomic Energy 
Agency (IAEA) has recommended a standard sterilization dose of 25 kGy when the contamination level and type 
of contaminating microorganisms cannot be  confirmed39,40. IAEA also recommends an irradiation sterilization 
dosage of 25 kGy for medical  devices41. Therefore, referencing a dose of 25 kGy as the lethal dose for bacteria 
and viruses in PVC samples is reasonable.

Due to the weight factor of 1 for gamma rays, the radiation sterilization dose for PVC samples is:

The intensity of gamma photons depends on the activity of the radiation source. According to the classifi-
cation of radiation sources in the radiation device, the activity of the Co-60 source in the radiation device is 
1.5 ×  105  TBq42. Co-60 source releases 2 gamma photons per decay, which allows us to calculate the intensity of 
photons as follows:

By optimizing the parameters of the model radiation facility, the higher energy deposition in the bottom 
layer of the PVC sample is observed, measuring 1.31320 ×  10–6 MeV/g (reflective layer material is aluminum) 
and 1.31315 ×  10–6 MeV/g (reflective layer material is concrete).

The simulated radiation sterilization time for PVC samples  is43:

where, d represents the individual photon energy deposition in the PVC sample layer, D is the sterilization dose, 
Q is the weight factor, and A is the photon intensity.

By substituting the data, the calculated radiation time for PVC samples is approximately 6.61 min when the 
reflective layer materials are aluminum and concrete. Considering the cost factor, concrete is much more cost-
effective than aluminum. Hence, from a practical engineering perspective, choosing concrete as the reflective 
layer material is more preferable.

The use of radiation sterilization techniques significantly enhances the sterilization efficiency of PVC materials 
and concurrently explores a viable avenue for recycling irradiated PVC materials. Nevertheless, elevated radiation 
doses may exert adverse effects on the stability of PVC materials, necessitating stringent control over the radiation 
dosage. The references 42 and 43 findings indicate that adding the vegetable oil extracted from coffee grounds 
(OGC) to PVC materials significantly enhances their stability, preventing degradation in low-dose irradiation 
scenarios. This has the potential to increase the recyclability of PVC materials; however, extensive experimental 
validation is still required to confirm these  outcomes44,45.

Conclusion
The research findings indicate that the energy deposition of individual photons in the PVC sample layer is influ-
enced by multiple factors including photon energy, spatial dimensions of the model, reflective layer material, 
reflective layer thickness, irradiated PVC sample layer area, distance between the radiation source and the PVC 
sample layer, and sample layer thickness.

In summary, compared with the sterilization time of 20–90 min from medical waste high-temperature steam 
 sterilization46, by optimizing the parameters of the model radiation facility, the irradiation sterilization time can 
be reduced to 6.61 min according to the radiation sterilization dosage standards. At this time, the photon energy 
is 1.25 MeV, the model space is 300 × 300 × 300  cm3, the reflective layer material is concrete and the thickness is 
8 cm, the PVC sample layer area is 100 × 100  cm2, the distance between the radiation source and the PVC sam-
ple layer is 150 cm, the energy deposition in the bottom layer of the PVC sample layer is 1.31315 ×  10–6 MeV/g. 
This study offers a potentially feasible way for PVC sterilization, while also providing a crucial reference for the 
further promotion and application of radiation sterilization technology.

Data availability
Original data are available from the corresponding author upon reasonable request.

Received: 25 August 2023; Accepted: 18 November 2023

(2)D = 25 kGy

(3)A = 1.5× 105 × 2× 1012 = 3× 1017(n/s)

(4)t =
D(Gy)

d(Mev/g)× 106 × 1.6× 10−19
× 103 × Q × A(n/s)× 60

(Minutes)



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:20289  | https://doi.org/10.1038/s41598-023-47771-9

www.nature.com/scientificreports/

References
 1. Awoyera, P. O. & Adesina, A. Plastic wastes to construction products: Status, limitations and future perspective. Case Stud. Constr. 

Mater. 12, e00330. https:// doi. org/ 10. 1016/j. cscm. 2020. e00330 (2020).
 2. Ito, R. et al. Effect of sterilization process on the formation of mono(2-ethylhexyl)phthalate from di(2-ethylhexyl)phthalate. J. 

Pharm. Biomed. Anal. 41, 455–460. https:// doi. org/ 10. 1016/j. jpba. 2005. 12. 021 (2006).
 3. Rusu, M., Ursu, M. & Rusu, D. Poly(vinyl chloride) and poly(epsilon-caprolactone) blends for medical use. J. Thermoplast. Compos. 

19, 173–190. https:// doi. org/ 10. 1177/ 08927 05706 056463 (2006).
 4. Chen, W.-Q., Ciacci, L., Sun, N.-N. & Yoshioka, T. Sustainable cycles and management of plastics: A brief review of RCR publica-

tions in 2019 and early 2020. Resour. Conserv. Recycl. 159, 104822. https:// doi. org/ 10. 1016/j. resco nrec. 2020. 104822 (2020).
 5. Khoo, K. S., Ho, L. Y., Lim, H. R., Leong, H. Y. & Chew, K. W. Plastic waste associated with the COVID-19 pandemic: Crisis or 

opportunity?. J. Hazard Mater. 417, 126108. https:// doi. org/ 10. 1016/j. jhazm at. 2021. 126108 (2021).
 6. Yin, G., Song, H., Wang, J., Nicholas, S. & Maitland, E. The COVID-19 run on medical resources in Wuhan China: Causes, Con-

sequences and Lessons. Healthcare 9, 1362. https:// doi. org/ 10. 3390/ healt hcare 91013 62 (2021).
 7. Plastics Market Size, Share & Trends Analysis Report. 230 (2023). https:// www. grand viewr esear ch. com/ indus try- analy sis/ global- 

plast ics- market#.
 8. Verma, R., Vinoda, K. S., Papireddy, M. & Gowda, A. N. S. In 5th International Conference on Solid Waste Management (IconSWM) 

701–708 (2016).
 9. Rahman, M. M., Bodrud-Doza, M., Griffiths, M. D. & Mamun, M. A. Biomedical waste amid COVID-19: Perspectives from 

Bangladesh. Lancet Glob. Health 8, E1262–E1262. https:// doi. org/ 10. 1016/ s2214- 109x(20) 30349-1 (2020).
 10. Jang, Y.-C., Lee, C., Yoon, O.-S. & Kim, H. Medical waste management in Korea. J. Environ. Manage. 80, 107–115. https:// doi. org/ 

10. 1016/j. jenvm an. 2005. 08. 018 (2006).
 11. Sahoo, S. et al. Biomedical waste plastic: Bacteria, disinfection and recycling technologies-a comprehensive review. Int. J. Environ. 

Sci. Technol. https:// doi. org/ 10. 1007/ s13762- 023- 04975-w (2023).
 12. Diaz, L. F., Savage, G. M. & Eggerth, L. L. Alternatives for the treatment and disposal of healthcare wastes in developing countries. 

Waste Manage. 25, 626–637. https:// doi. org/ 10. 1016/j. wasman. 2005. 01. 005 (2005).
 13. Xu, L., Dong, K., Zhang, Y., Li, H. & Iop. In International Conference on Green Development and Environmental Science and Tech-

nology (ICGDE) (2020).
 14. Nanda, S., Patra, B. R., Patel, R., Bakos, J. & Dalai, A. K. Innovations in applications and prospects of bioplastics and biopolymers: 

A review. Environ. Chem. Lett. 20, 379–395. https:// doi. org/ 10. 1007/ s10311- 021- 01334-4 (2022).
 15. Neeti, R., Ritesh, S. & Pradhan, S. K. Public health impact of plastics: An overview. Indian J. Occup. Environ. Med. 15, 100 (2011).
 16. Yves, C. et al. Safe Management of Wastes from Health-Care Activities 2nd edn. (World Health Organization, 2014).
 17. Roth, L. K. Center for Devices and Radiological Health Radiation Sterilization Master File Pilot Program (2023). https:// www. feder 

alreg ister. gov/ docum ents/ 2023/ 04/ 12/ 2023- 07598/ center- for- devic es- and- radio logic al- health- radia tion- steri lizat ion- master- file- 
pilot- progr am.

 18. Schwartz, S. CDRH Announces New Standards Recognition to Support Innovation in Medical Device Sterilization (2023). https:// 
www. fda. gov/ medic al- devic es/ gener al- hospi tal- devic es- and- suppl ies/ steri lizat ion- medic al- devic es.

 19. Liu, F. et al. SARS-CoV-2 inactivation simulation using 14 MeV neutron irradiation. Life-Basel 11, 1372. https:// doi. org/ 10. 3390/ 
life1 11213 72 (2021).

 20. Mittendorfer, J. & Gallnboeck-Wagner, B. Process control in electron beam sterilization of medical devices and a pathway to 
parametric release. Radiat. Phys. Chem. 173, 108870. https:// doi. org/ 10. 1016/j. radph yschem. 2020. 108870 (2020).

 21. Haji-Saeid, M., Sampa, M. H. O. & Chmielewski, A. G. Radiation treatment for sterilization of packaging materials. Radiat. Phys. 
Chem. 76, 1535–1541. https:// doi. org/ 10. 1016/j. radph yschem. 2007. 02. 068 (2007).

 22. Grzelak, A. W., Jeffkins, S., Luo, L., Stilwell, J. & Hathcock, J. Impact of X-ray irradiation as an equivalent alternative to gamma for 
sterilization of single-use bioprocessing polymers. Biotechnol. Prog. https:// doi. org/ 10. 1002/ btpr. 3339 (2023).

 23. Tyagi, G., Singhal, A., Routroy, S., Bhunia, D. & Lahoti, M. Radiation shielding concrete with alternate constituents: An approach 
to address multiple hazards. J. Hazard Mater. 404, 124201. https:// doi. org/ 10. 1016/j. jhazm at. 2020. 124201 (2021).

 24. Zorenko, Y. et al. Influence of thermal treatment and gamma-radiation on absorption, luminescence and scintillation properties 
of Lu3Al5O12: Ce single crystalline films. Radiat. Meas. 42, 557–560. https:// doi. org/ 10. 1016/j. radme as. 2007. 01. 073 (2007).

 25. Gobeil, A., Maherani, B. & Lacroix, M. Norovirus elimination on the surface of fresh foods. Crit. Rev. Food Sci. Nutr. 62, 1822–1837. 
https:// doi. org/ 10. 1080/ 10408 398. 2020. 18487 84 (2022).

 26. Pollard, E. In Advances in Virus Research Vol. 2 (eds Smith, Kenneth M. & Lauffer, Max A.) 109–151 (Academic Press, 1954).
 27. Team, X.-M. C. MCNP: A General Monte Carlo N-Particle Transport Code, Version 5 (2003). https:// mcnpx. lanl. gov/ pdf_ files/ 

TechR eport_ 2003_ LANL_ LA- UR- 03- 1987R evise d2120 08_ Sweez yBoot hEtAl. pdf.
 28. Benali, A. H., Ishak-Boushaki, G. M., Nourreddine, A. M., Allab, M. & Papadimitroulas, P. A comparative evaluation of lumines-

cence detectors: RPL-GD-301, TLD-100 and OSL-AL2O3:C, using Monte Carlo simulations. J Instrum 12, P07017. https:// doi. 
org/ 10. 1088/ 1748- 0221/ 12/ 07/ P07017 (2017).

 29. Wallace, J. D. Monte Carlo modeling of ION chamber performance using MCNP. Health Phys. 103, 780–786. https:// doi. org/ 10. 
1097/ HP. 0b013 e3182 6021e7 (2012).

 30. Morgan, C. White, Los Alamos National Laboratory & Alamos, L. Photoatomic Data Library MCPLIB04: A New Photoatomic 
Library Based on Data from ENDF/B-VI Release 8 (2003). https:// nucle ardata. lanl. gov/ files/ la- ur- 03- 1019. pdf.

 31. K. J. Adams, Los Alamos National Laboratory & Alamos, L. Electron Upgrade for MCNP4B 2000 (2000). https:// nucle ardata. lanl. 
gov/ files/ la- ur- 00- 3581. pdf.

 32. Zuo, Y.-H., Zhu, J.-H. & Shang, P. Monte Carlo simulation of reflection effects of multi-element materials on gamma rays. Nucl. 
Sci. Tech. 32, 837. https:// doi. org/ 10. 1007/ s41365- 020- 00837-z (2021).

 33. Sabharwal, A. D., Sandhu, B. S. & Singh, B. Multiple backscattering on monoelemental materials and albedo factors of 279, 320, 
511 and 662 keV gamma photons. Phys. Scr. 83, 025303. https:// doi. org/ 10. 1088/ 0031- 8949/ 83/ 02/ 025303 (2011).

 34. Hiroyuki, K. et al. Gamma ray albedo data generated by the invariant embedding method. J. Nucl. Sci. Technol. 35, 584–594 (1998).
 35. Arena, V. A problem on potassium-40 for radiation biology courses. Am. Biol. Teacher 31, 379–382. https:// doi. org/ 10. 2307/ 44426 

41 (1969).
 36. McGregor, D. Radiation Detection and Measurement. (Taylor and Francis).
 37. Yilmaz, D., Uzunoglu, Z. & Demir, C. Albedo factors of some elements in the atomic number range 26 <= Z <= 79 for 5954 keV. 

Appl. Radiat. Isot. 122, 68–71. https:// doi. org/ 10. 1016/j. aprad iso. 2017. 01. 013 (2017).
 38. Durante, M. et al. Virus irradiation and COVID-19 disease. Front Phys-Lausanne 8, 565861. https:// doi. org/ 10. 3389/ fphy. 2020. 

565861 (2020).
 39. Guidelines for Industrial Radiation Sterilization of Disposable Medical Products (Cobalt-60 Gamma Irradiation) 15 (International 

Atomic Energy Agency, 1989).
 40. Nguyen, H., Morgan, D. A. F. & Forwood, M. R. Sterilization of allograft bone: Is 25 kGy the gold standard for gamma irradiation?. 

Cell Tissue Bank 8, 81–91. https:// doi. org/ 10. 1007/ s10561- 006- 9019-7 (2007).
 41. International Atomic Energy Agency. Radiosterilization of Medical Products, Pharmaceuticals and Bioproducts 42 (International 

Atomic Energy Agency, 1967).

https://doi.org/10.1016/j.cscm.2020.e00330
https://doi.org/10.1016/j.jpba.2005.12.021
https://doi.org/10.1177/0892705706056463
https://doi.org/10.1016/j.resconrec.2020.104822
https://doi.org/10.1016/j.jhazmat.2021.126108
https://doi.org/10.3390/healthcare9101362
https://www.grandviewresearch.com/industry-analysis/global-plastics-market#
https://www.grandviewresearch.com/industry-analysis/global-plastics-market#
https://doi.org/10.1016/s2214-109x(20)30349-1
https://doi.org/10.1016/j.jenvman.2005.08.018
https://doi.org/10.1016/j.jenvman.2005.08.018
https://doi.org/10.1007/s13762-023-04975-w
https://doi.org/10.1016/j.wasman.2005.01.005
https://doi.org/10.1007/s10311-021-01334-4
https://www.federalregister.gov/documents/2023/04/12/2023-07598/center-for-devices-and-radiological-health-radiation-sterilization-master-file-pilot-program
https://www.federalregister.gov/documents/2023/04/12/2023-07598/center-for-devices-and-radiological-health-radiation-sterilization-master-file-pilot-program
https://www.federalregister.gov/documents/2023/04/12/2023-07598/center-for-devices-and-radiological-health-radiation-sterilization-master-file-pilot-program
https://www.fda.gov/medical-devices/general-hospital-devices-and-supplies/sterilization-medical-devices
https://www.fda.gov/medical-devices/general-hospital-devices-and-supplies/sterilization-medical-devices
https://doi.org/10.3390/life11121372
https://doi.org/10.3390/life11121372
https://doi.org/10.1016/j.radphyschem.2020.108870
https://doi.org/10.1016/j.radphyschem.2007.02.068
https://doi.org/10.1002/btpr.3339
https://doi.org/10.1016/j.jhazmat.2020.124201
https://doi.org/10.1016/j.radmeas.2007.01.073
https://doi.org/10.1080/10408398.2020.1848784
https://mcnpx.lanl.gov/pdf_files/TechReport_2003_LANL_LA-UR-03-1987Revised212008_SweezyBoothEtAl.pdf
https://mcnpx.lanl.gov/pdf_files/TechReport_2003_LANL_LA-UR-03-1987Revised212008_SweezyBoothEtAl.pdf
https://doi.org/10.1088/1748-0221/12/07/P07017
https://doi.org/10.1088/1748-0221/12/07/P07017
https://doi.org/10.1097/HP.0b013e31826021e7
https://doi.org/10.1097/HP.0b013e31826021e7
https://nucleardata.lanl.gov/files/la-ur-03-1019.pdf
https://nucleardata.lanl.gov/files/la-ur-00-3581.pdf
https://nucleardata.lanl.gov/files/la-ur-00-3581.pdf
https://doi.org/10.1007/s41365-020-00837-z
https://doi.org/10.1088/0031-8949/83/02/025303
https://doi.org/10.2307/4442641
https://doi.org/10.2307/4442641
https://doi.org/10.1016/j.apradiso.2017.01.013
https://doi.org/10.3389/fphy.2020.565861
https://doi.org/10.3389/fphy.2020.565861
https://doi.org/10.1007/s10561-006-9019-7


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:20289  | https://doi.org/10.1038/s41598-023-47771-9

www.nature.com/scientificreports/

 42. International Atomic Energy Agency. Categorization of Radioactive Sources (International Atomic Energy Agency, 2005).
 43. Xu, J. Monte Carlo N-particle simulation of neutron-based sterilization of anthrax contamination. Chin. J. Radiol. Health 21, 

e925–e932. https:// doi. org/ 10. 13491/j. cnki. issn. 1004- 714x. 2012. 01. 030 (2012).
 44. da Silva, L. A., BastosdeAlmeida, T. M., Teixeira, R. V., de Araujo, L. S. & da SilvaAquino, K. A. Study of coffee grounds oil action 

in PVC matrix exposed to gamma radiation: Comparison of systems in film and specimen forms. Mater. Res.-Ibero-Am. J. Mater. 
20, 709–715. https:// doi. org/ 10. 1590/ 1980- 5373- MR- 2016- 0985 (2017).

 45. da Silva, L. A., Lucena Araujo, C. H., Madaleno, E., de Araujo, E. S. & da Silva Aquino, K. A. In Macromolecular Symposia Vol. 383 
(2019).

 46. Bao, Z., Jin, D., Teng, H. & Li, Y. In International Conference on Advances in Energy and Environmental Science (ICAEES) 1160 
(2013).

Author contributions
F.L. led the project, was the main author. X.Y. did most of the data analysis and prepared the figures. B.L., G.-
P.L., X.-R.L., and P.-G.Y. provided gamma radiation sterilization expertise. G.-D.L., and H.-C.Z. consulted the 
references. X.-F.L. provided financial support. J.-X.C. and F.-L.N. provided us with a detailed explanation of 
the Monte Carlo method’s database and assisted in drafting the response. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to F.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.13491/j.cnki.issn.1004-714x.2012.01.030
https://doi.org/10.1590/1980-5373-MR-2016-0985
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A simulation study on enhancing sterilization efficiency in medical plastics through gamma radiation optimization
	Materials and methods
	Model materials
	Simulation parameters setup
	Principle of radiation sterilization
	MCNP simulation computational principles

	Results and discussion
	The influence of gamma photon energy on individual photon energy deposition in PVC sample layer
	The influence of model space volume on individual photon energy deposition in PVC sample layer
	The influence of reflective layer materials and thickness on the energy deposition of individual photons in the PVC sample layer
	The influence of PVC sample area on the energy deposition of individual photons
	The influence of the distance between the radiation source and the PVC sample layer on the energy deposition of individual photons
	The influence of PVC sample thickness on the energy deposition of individual photons
	Estimating radiation sterilization time.

	Conclusion
	References


